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INTRODUCTION 

Aqueous coal dlsperslons p lay a maJor r o l e  from mlnlng t o  <he u t l l l -  
r a t  ton o f  coal. The propert l es  o f  these dlsperslons, such as stab I I I t y  
tcuards aggregatlon, rheology, etc., a r e  c o n t r o l l e d  by two major factors, 
namely, t h e  p a r t i c l e  s l ze  and l n t e r f a c l a l  chemlstry. The l n t e r f a c l a l  
chemlstry Is con t ro l  led by t h e  ln teract lons o f  t h e  coal surface w l t h  t h e  
aqueous phase. 

Coal surface-aqueous phase ln teract lons a re  con t ro l l ed  by rank, 
mlneral content, surface funct  lonal groups, pore structure, adsorpt Ion, pH, 
lonlc strength, etc. These ln te rac t l ons  can be probed uslng e l e c t r o k l n e t l c  
technlques (1 -11) .  Elec t rok lne t l c  techniques present ly  used t o  lnvest lgate 
aqueous coal dlsperslons lnclude mlcroelectrophoresls and streamlng 
po ten t l a l  (12). Although both o f  these technlques a re  Invaluable t o  study 
coal surface ln teract lons they cannot be used f o r  process cond l t l on  
dlsperslons. As a result,  questlonable ext rapolat lons t o  process condl t lons 
must be performed. 

sonlcs and p r e l  lrnlnary data on t h e  appl l ca t l on  o f  t h l s  technlque t o  coal 
dlsperslons. The advantage o f  u l t rason ics  a r e  ( 1 )  v l r t u a l l y  any p a r t i c l e  
s l ze  can be used from lons t o  aggregates, ( 1 1 )  any concentrat lon o f  the 
dlspersed phase can be used from t h e  ppm range t o  volume f l l l l n g  networks, 
( 1 1 1 )  samples can be o p t l c a l l y  opaque o r  photosensltlve, and ( l v )  measure- 
ments can be made on flow Ing systems. 

Below, we descrlbe a new e lec t rok fne t l c  technlque t h a t  ut11 lzes u l t r a -  

THEORY 

I n  1933, Debye (13) predlc ted t h a t  subJectIng an electrolytic so lu t i on  
t o  a sound wave o f  u l t rason lc  frequencles would r e s u l t  In an a l t e r n a t l n g  
potent la l ,  t h e  IVP o r  Ion v l b r a t l o n  potent la l ,  having t h e  same frequency as 
the  sound wave. The po ten t l a l  Is detected w i t h  two electrodes placed normal 
t o  t h e  sound propagatlon separated by a phase dlstance other  than an 
ln tegra l  mu l t l p le  o f  t h e  wavelength; t h e  optlmum separatlon belng 
(Zn+f) X/2. The basis o f  t h e  "Debye e f fec t "  Is t h a t  t h e  e f f e c t i v e  masses 
and f r l c t l o n a l  drag c o e f f l c l e n t s  o f  anions and cat ions a re  d l f f e r e n t  due t o  
composltlon and solvatlon. These d l f ferences r e s u l t  I n  d l f f e r e n t  degrees of 
dlsplacement amplltude and phase. The r e l a t l v e  dlsplacement o f  anlon and 
ca t l on  produces a separatlon o f  charge centers  creat lng a v i b r a t i n g  dlpole. 
The o r l g l n a l  theory o f  Debye has slnce been modlf led (14) and expert- 
mental ly ver l f led,  a revlew o f  whlch can be found I n  reference (15).  

I n  1938, Hermans (16) and Rutgers (17) reported an e f f e c t  s l m l l a r  
t o  t h e  Debye e f f e c t  when u l t rason lc  waves were propagated through a 
colloidal dlspersion. I n  contrast  t o  t h e  IVP where t h e  dlsplacement of anlon 
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and cat lon produce an a l te rna t l ng  potent la l ,  t h e  r e l a t l v e  dlsplacement o f  a 
charged p a r t l c l e  from I t s  surroundlng Ion atmospheren Induces t h e  
potent la l  termed t h e  co l  l o l d  v l b r a t l o n  po ten t l a l  or CVP. Slnce t h l s  t ime  
many c o l l o l d a l  systems have been lnvestlgated qual l t a t l v e l y  uslng t h l s  
techn lque (18-23). The f l r s t  quan t l t a t l ve  measurements were performed by 
Marlow e t  a l  (24) where t h e  d l l u t e  theory o f  Enderby and Booth (25,26) Is 
v e r l f  led and extended t o  concentrates uslng t h e  Levlne e t  e l  (27) ce l  I 
model theory. 

P l c t o r l a l l y ,  t h e  mechanlsm o f  t h e  CVP Is shown ln  Flgure 1. To under- 
stand the mechanlsm of the  CVP It Is useful t o  p o l n t  out  t h a t  t h e  CVP I s  
ana logous t o  t h e  sed lmentat Ion potent  la  I o r  Dorn e f f e c t  (28)  and r e f l e c t s  
the  same 
a t  rest  w l th  I t s  accompanying "Ion atmospheren o f  "thlcknessw 1 / ~ .  I f  t h l s  
p a r t l c l e  Is acted on by a g rav l ta t l ona l  f l e l d  as shown In Flgure lb, t h e  
lon atmosphere Is perturbed from e q u l l  lbr lum r e s u l t l n g  In  po la r l za t l on  and 
the  formatlon o f  a s t a t l c  dlpole. I n  contrast, I f  t h e  p a r t l c l e  Is acted on 
by an acoustic f l e l d  as shown l n  Flgure IC, a dynamlc o r  v l b r a t l n g  d lpo le 
results. It Is Important t o  po ln t  ou t  t h a t  In the  Dorn e f f e c t  t h e  p a r t l c l e  
Is caused t o  move r e l a t l v e  t o  t h e  medlum but  I n  t h e  acoustlc e f f e c t  both 
p a r t l c l e  and medlum move and It Is t h e  r e l a t l v e  motlon t h a t  produces t h e  
ef fect .  

As w l th  the sedlmentatlon potent la l ,  t h e  acoustlcal l y  produced d lpo le 
resu l t s  I n  a p o t e n t l a l  t h a t  Is lmmeasurably small f o r  a s lng le  p a r t l c l e  but 
a macroscoplc measurable po ten t i a l  r e s u l t s  In a swarm o f  p a r t l c l e s  such as 
I n  a co l l o ld .  F lgure 2 shows t h e  general technlque used t o  measure the  CVP. 
Two Iner t  metal electrodes A and B are  placed normal t o  t h e  sound 
propagat Ion and spaced a t  one-ha I f a wave I ength. 

e lec t rok lne t l c  parameters f o r  d l l u t e  aqueous dlsnerslons (9<1) can be 

l n t r l n s l c  phenomena. F lgure l a  shows a charged c o l l o l d a l  p a r t l c l e  ! 

1 

I 

The re la t l onsh lp  between t h e  measured CVP and per t lnent  

c11 

where P Is t h e  sound pressure amplltude, 4 t he  volume f r a c t l o n  of 
part lcles, A,the conduc t l v l t y  o f  t h e  medlum, P ,  t h e  p a r t l c l e  denslty, p1 
t h e  medlum denslty, E, t he  p e r m l t l v l t y  o f  f r e e  space, D t h e  dlmenslonless 
d l e l e c t r l c  constant, 5 t h e  zeta or e I e c t r c k l n e t l c  potent la l ,  and rl t h e  
v l scos l t y  o f  t h e  medlum. NormaIIzlng t h e  CVP f o r  P,Xo , 4 
leads t o  an acoustlc mob11 I t y  AM havlng t h e  same u n l t s  as the  e lect ro-  
phoretlc mob l l l t y  EM, I.e., 

, and (p2-p1)/p1 

Thus, measurements of t he  CVP, P, and A,, 
r e l a t l v e  p a r t l c l e  denslty and concentrat lon leads t o  the  same I n f o r m t l o n  
as obtalnable from electrophoresls. 

e l e c t r l c a l  ln teract lons occur. Applylng t h e  Levlne e t  a l  (27) c e l l  model 
theory o f  the Dorn e f f e c t  t o  t h e  CVP r e s u l t s  In  an ln teract lon parameter 
F(Ka,4) on the r l g h t  hand s lde  o f  equatlon [l] where a represents the  
e lec t rok lne t l c  rad lus o r  t h e  p a r t l c l e  slze a d lv lded by t h e  "thickness" o f  
t he  lOn atmosphere. F lgure 3 shows a p l o t  o f  t h e  l n te rac t l on  parameter 
F(Ka,6) as a funct lon o f  4 f o r  t h e  case where Ka >> 1 and a > 0.5 vm 

as we1 I as knowledge o f  t h e  

I n  concentrated d lspers Ions p a r t  IC I e-part IC I e hydrodynam IC and 
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which w l l l  invar lab ly  be t h e  case l n  aqueous coal dlsperslons. Thus, 
instead of t h e  CVP lncreaslng i l n e a r l y  with$ as predlc ted by t h e  d i l u t e  
theory, t h e  CVP w l l l  i n l t l a l  l y  r i s e  I lnear ly  and then gradually leve l  o f f  
and go through a maximum. 

MPERI MENTAL 

Mater l a  I s  

A bltumlnous coal used as a reference sample l n  prevlous work (29-32) 
obtalned from General Motors Corporation was used In  t h l s  work. The coal 
was a i r  ground t o  loo$ minus 200 mesh and stored I n  a sealed contalner. The 
ash content was 4.8%. 

volume conduct lv l ty  o f  E-4 S/m. Solut lon a c l d l t y  and a l ka l  l n l t y  was 
adJusted w l th  1N KOH or 1N HCI obtained standardized from Flsher  S c l e n t l f  Ic 
Company. 

Methods 

The water used was d l s t l l  led and ion exchanged and had a spec l f i c  

Aqueous coal dlsperslons were prepared by f i r s t  outgassing t h e  
deslred quant i ty  o f  coal a t  30 C under vacuum. The deslred quant i ty  o f  
d l s t l l  led water was then added by back f I I  I lng under vacuum. The samples 
were then r o l l e d  l n  polyethylene contalners f o r  24 h r  on a m i l l .  F l v e  
dlsperslons were prepared, namely, 0.04, 0.1. 0.2, 0.3, and 0.4 welght 
percent coal. 

Acoustophoret IC ( t m )  T i t r a t o r .  The System 7000 measures t h e  CVP, P, x o ,  pH, 
T, and t i t r a n t  volume accurate t o  1 mlcro l  I t e r .  A I  I measurements were 
performed a t  25 C. A descr lp t lon o f  t h e  apparatus can be found I n  reference 
(24). A l l  pH t l t r a t l o n s  were performed by s t a r t i n g  a t  t h e  equ l l  lbrated pH 
and addlng ac ld  t o  one a l  lquot o f  sample and then base t o  another a l  lquot 
of sample and then comb In Ing t h e  data. 

System 3000 Automated E lec t rok lne t l cs  Analyzer some o f  which a re  reported 
In  reference (11 ) .  

Acoustlc measurements were performed w l th  t h e  Pen Kem System 7000 

Electrophoretlc mob11 I t y  measurements were performed w l t h  t h e  Pen Kem 

RESULTS AND DISCUSSION 

The dependence of t h e  CVP on GM coal concentrat lon for a pH adJusted 
t o  6.2 Is shown In Flgure 4. The CW l n l t l a l l y  r l s e s  I l n e a r l y  w l t h  concen- 
t r a t l o n  and then leve ls  o f f  and goes through a maxlma a t  a coal concentra- 
t l o n  o f  30% by volume. Also shown i n  F lgure 4. are t h e  ca lcu lated values 
based on the  d l l u t e t h e o r y  and c e l l  model. These values were ca lcu lated by 
uslng measured values o f  t h e  dlsperslons supernatant conductlvl ty, p a r t l c l e  
density 1.22 g/cm , and t h e  p a r t i c l e s  e lect rophoret lc  mobil H i e s  determined 
by sampling t h e  supernatant o f  t h e  s e t t l e d  dlsperslons, a l l  o f  whlch a re  
glven I n  Table 1. The hlgh supernatant conduc t l v l t l es  are t h e  r e s u l t  of 
both d l sso lu t l on  o f  materlal from t h e  coal and e l e c t r o l y t e  added t o  adJust 
t he  pH t o  6.2. The co r re la t i ons  shown In Figure 4. show good agreement 
between experlment and theory. Thus, u l t rason lc  e lec t rok lne t i c  measurements 
can be appl led t o  concentrated coal dlsperslons t o  obtaln meanlngful I n fo r -  
mation about t h e  e lec t rok lne t i c  proper t les o f  t h e  dlsperslon. 
Figure 5. shows a p l o t  comparlng both e lect rophoret ic  and acoustlc 
mob I 1  It ies as a funct Ion o f  pH f o r  GM coal. The acoust IC mob I I It les were 
obtalned a t  a p a r t l c l e  concentrat lon o f  4% whereas t h e  e lect rophoret ic  
m o b l l l t l e s  were obtained by adding a few drops of t h l s  dlsperslon t o  a 
so lu t l on  o f  t h e  deslred pH ( 1 1 ) .  Thus, t h e  acoustlc mobll l t l e s  a r e  
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determlned w l t h  an aqueous phase conta ln lng any leached mater la ls  whereas 
t h e  electrophorettc data Is taken w l th  approxlmately a 200-fold d l l u t l o n  In 
t h e  leached materlals. 

Good agreement Is shown between electrophoresls and u l t rason lcs  as 
shown In Flgure 5 I r respec t l ve  o f  t h e  seamlngly d l f f e r e n t  preparatlon 
technlques. The mob11 I t y  Is p o s l t l v e  below a pH=5.8, t h e  I soe lec t r l c  p o l n t  
lep, and negat Ive above t h  Is pH. Most researchers bel leve t h e  negat Ive 
potent la l  a t  hlgh pH Is t h e  r e s u l t  of t h e  d l sscc la t l on  of carboxyllcs, 
phenollcs, etc. on t h e  coals  surface (3,111 o r  a l t e r n a t l v e l y  due t o  the 
adsorptlon o f  metal hydroxldes formed from t h e  mlneral present I n  coal (2). 
A p o s l t l v e  po ten t l a l  below t h e  l s o e l e c t r l c  po ln t  Is descrlbed as t h e  r e s u l t  
o f  protonation o f  t h e  ac ld  groups on t h e  surface o f  t h e  coal (101, t h e  
adsorptlon o f  ca t l ons  (61, o r  t h e  adsorptlon of hydronlum Ions ( 1 1 ) .  

Flgure 6. shows a p l o t  of t h e  acoustlc m o b l l l t l e s  o f  GM coal as a 
funct fon o f  pH a t  two p a r t l c l e  concentratlons, namely, 0.04 and 0.40% by 
volume. The behavlor In  t h e  concentrated dlsperslon no longer resembles 
t h a t  obtalned I n  t h e  d l l u t e  dlsperslon. The mobll l t l e s  a t  t h e  hlgher 
concentrat lon a re  genera l ly  lower, t h e  l s o e l e c t r l c  p o l n t  Is s h l f t e d  t o  a 
s l g n l f l c a n t l y  lower value, and maxlma and mlnlma a re  seen a t  hlgh and low 
PH. 

from the fac t  t h a t  I n  the  concentrated dlsperslon the  equ l l l b ra ted  super- 
natant conduct lv l ty  Is greater  than In t h e  d l l u t e  case. Thus, In t h e  
concentrate s l g n l f l c a n t l y  more mater la l  Is leached from the coal pores and 
surface. As a resul t ,  t h e  double layer 1s compressed In the concentrate and 
t h e  po ten t l a l s  accordlngly lowered. Also, the  dlssolved mater la ls  o f  t h e  
coal become Nspec l f I ca I l yn  adsorbed. 

A s h l f t  t o  a lower pH as we l l  as a maxlma and a reversal of po ten t l a l  
w l t h  Iowerlng pH as shown In Flgure 6. r e s u l t s  from t h e  chemlsorptlon o f  
anlons (12). A maxlma and reversal a t  hlgh pH a l s o  seen In F lgure 6. Is t h e  
r e s u l t  o f  t he  adsorptlon o f  cat lons (12). Thus, I n  concentrated aqueous 
coal  dlsperslons dev lat lon of t h e  e l e c t r o k l n e t l c  proper t ies from ppm 
studles w l l  I be s l g n l f l c a n t .  The devlat lons a re  t h e  r e s u l t  o f  chemlcal l y  
adsorbed anlons a t  low ph values and adsorbed ca t l ons  a t  hlgher ph values. 
The adsorbed ma te r la l s  a re  produced from leachlng o f  t h e  coal surface and 
pores w l th  subsequent deposltlon. 

We bel leve t h a t  t h e  r e s u l t s  descrlbed above show t h a t  t h e  appl lcat lon 
o f  u l t rasonlc  e l e c t r o k l n e t l c  techniques t o  aqueous coal dlsperslons w l l l  
be o f  great p r a c t l c a l  s l g n l f  lcance In  t h e  fu tu re  when attemptlng t o  charac- 
t e r l z e  charged coal p a r t l c l e s  I n  concentrates. 

We bel leve t h a t  t h e  concentratton e f f e c t  shown I n  F lgure 6. r e s u l t s  
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Table 1. Comparison of c e l l  model calculatlons of the  CVP and 
experiment as a functlon of  GM coal concentratlon a t  
a ph-6.2. 

Coal Volume EM (mi/Vs) -CVP(mV) 
Fract ion x10 X,(S/m) F(ka,$) Exp. Cal.  

0.04 -1 .oo 0.18 0.95 0.016 0.019 
0.10 -0.97 0.18 0.88 0.049 0.042 
0.20 -0.97 0.19 0.75 0.072 0.067 

0.40 -0.95 0.24 0.51 0.072 0.069 
0.30 -0.96 0.21 0.63 0.074 0.078 
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s y m e t r l c a l l y  

A .  E q u i l i b r i u m  6. G r a v i t a t i o n a l  C .  A c o u s t i c  
F o r c e  G F o r c e  Ga 

F i g u r e  2 .  M e a s u r e m e n t  o f  C V P  

'I 
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F i g u r e  3. ( n t e r a c t l o n  p a r a m e t e r  a s  a 
f u n c t i o n  o f  v o l u m e  f r a c t i o n .  

0 0 . 2  0 . 4  
Q 

F i g u r e  4 .  

- C V P  

C V P  a s  a f u n c t i o n  o f  c o a l  c o n c e n t r a t i o n  
a t  a PH of  6 . 2 .  
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F l g u r e  5 .  C o m p a r l s o n  o f  a c o u s t l c  a n d  
e l e c t r o p h o r e t i c  m o b i l l t i e s  f o r  
G M  c o a l .  
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6. E t t e c t  o?  GM c o a l  c o n c e n t r a t l o n  
on a c o u s t i c  m o b i l i t y .  
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